Supply Data
Supply data is only necessary for the three primary raw material categories (natural gas, natural gas liquids, and crude oil).
Natural Gas. Industrial natural gas consumption was 7,223,834,975 thousand cubic feet in 2012. 1 Using a density of 0.042001 lb/cf, 2 the supply of natural gas was 303 × 10 9 lb in 2012. The distribution of components in natural gas is 93.07% methane, 3.21% ethane, 0.59% propane (higher hydrocarbons and non-hydrocarbons are ignored in the mass balance). 3 Natural Gas Liquids. Natural gas plant liquid data from EIA gives total production in 2012 for NGL constituents in barrels and was converted to pounds. 4 The 2012 distribution of components in NGLs are shown in Table S2 . 6 This API Gravity gives a density of 7.267 lb/gal which leads to 1,675 × 10 9 lb crude oil supply in 2012. The crude yield is approximated for the baseline year (2012) using EIA refinery yield data. 
Demand Data
Comprehensive production data for all synthetic chemicals is not available in standard publications. Some current production figures were obtained from the American Chemistry Council (ACC) Business of Chemistry annual data 8 and from Chemical & Engineering News. 9 For chemicals not included in those publications, production levels from previous years were where is the production level in year i, and is the production index in year j. The methodology used to determine demand for each chemical is shown in Table S3 . Chemicals are only included as a constraint in the model if a value for 2012 production is available. 
Cost Calculations/Solution Procedure
Total process cost is a composite of three individual costs:
Capital cost (per pound of product) depends on the scale of the plant, which in turn depends on the required annual amount of production. In this work, capital cost is not considered a function of process utilization. Capital costs for each process are from the 2012 IHS Process Economics Program Yearbook.
Operating Cost. Operating cost is determined from the capital cost according to estimates from the 2012 IHS Process Economics Program Yearbook. The methodology employed by the IHS estimates is summarized in Table S4 . 
where is the cost of process j per pound primary product, with = { 1, 2, … , 1373}, , is the input-output coefficient of chemical i in process j, and is the cost of chemical i. If , is negative, then the chemical is an input material and its purchase increases , if , is positive, then the chemical is a byproduct and its sale or use decreases . Changes in the production cost of i from the primary process producing i impact the byproduct value in this process, j.
Solution Methodology. Because of the way cost data is obtained from IHS, the cost of each chemical, , is not directly included in the model. Instead, an entire process is represented with a "baseline" cost, without specifying individual material costs. The cost equation must instead deal with changes in process and chemical cost:
So cost is equal to the baseline cost plus the change in all input/output material costs. The change in each material cost, B, is defined as the change in cost of the process used to produce that material. Now, cost is no longer a scalar parameter because it must be calculated, while ∆ is calculated based on the processes that produce it.
is not easily defined based on the number of processes that can produce any given chemical. The market price of a chemical is partly set by cost of a process that produces that chemical. So a change in process cost could lead to a change in price. However, multiple processes exist in the model to produce most chemicals (for example, 28 processes in the model produce ethylene as the main product). So, the cost change of one single process will not always lead to a market price change for each chemical. The model must first identify the main product for every process and then choose which of those processes will affect the price of a given primary product. This is accomplished by setting initial values of B to enable an initial solve. The processes selected by the initial solve are used to determine the value of B. Subsequent solve iterations allow each solution to re-evaluate which processes were chosen and determine if the value of each chemical should be altered. The value of B must be chosen based on which process was chosen for the solution (has a non-zero value). In this algorithm, the process that produces the largest volume of each material dictates the final market price for that material.
As an example of the solution procedure, consider the two processes available to make ethyl acetate: Process 1 is the direct addition of ethylene and acetic acid, and Process 2 is via ethanol dehydrogenation. The main product of both of these processes is ethyl acetate, so any change in cost of these two processes (∆ 1 or ∆ 2 ) can be translated to a change in the production cost of ethyl acetate, ℎ . On an initial solve, Process 1 is chosen as the only route to make ethyl acetate (because it is cheaper per pound of product, 1 < 2 ) and no costs have been altered, so ∆ ℎ = ∆ 1 = 0. If the cost of ethylene, ℎ , is raised so that ∆ ℎ = , the cost of every process is recalculated, and any process that uses ethylene has S13 a variable cost that will change. In this case, the cost of Process 1 increases because ethylene is a raw material in the process and the cost of Process 2 does not change because ethylene is not used in the process (∆ 1 = − ℎ , 1 • = 0.36 • , and ∆ 2 = 0). The model is solved again, with the new values of 1 = 1, + ∆ 1 = 1, + 0.36 and 2 = 2, + ∆ 2 = 2, . If 1 is chosen again by the new solve, the price of the main product of 1 will then be increased by ∆ 1 , so ∆ ℎ = ∆ 1 . If 2 is chosen, the price of the main product of 2 will be increased by ∆ 2 , so ∆ ℎ = ∆ 2 = 0. If 1 and 2 are chosen in some combination, the process that produces the most ethyl acetate is used to calculate ∆ ℎ .
If 1 is chosen, ethyl acetate cost is increased by ∆ 1 . When ethyl acetate costs change, the cost of every process in the rest of the model is recalculated if ethyl acetate contributes to variable cost. The same set of calculations is carried out for any of those affected processes, to propagate the ethyl acetate cost change through all processes, and the main products of those affected processes will experience a cost change. The loop of calculating process cost changes followed by material cost changes is iterated multiple times to ensure that the chosen processes are continually updated as the optimization solution evolves. A variety of control structures are embedded in the program code to ensure that no cyclic cost calculations are introduced.
The solution procedure is iterative in order to propagate intermediate cost changes completely throughout supply chains. To minimize a bias towards the initial solution, every step of the solution loop involves a complete new solution for the industry, reflecting the extent of price propagation at that step. The loop exit condition ensures all materials have had an opportunity to experience a price or technology change and the optimal industry configuration remains unchanged from the previous solution.
The Effect of Changing Natural Gas Prices to the 2018 Value
As natural gas prices rise to the EIA Annual Energy Outlook projected 2018 value ($4.80/MMBtu, in 2012 dollars) from a representative 2012 price of $3.80/MMBtu, affected materials show production cost increases less than 5 cents per pound above 2012 levels, as shown in Table S5 . 
Expanded Discussion of NGL Scenario Results
The materials that show an inconsistent production cost change between the two NGL scenarios (e.g., changing cost when NGL prices increase but not when they decrease) are: adipic acid, anthraquinone, benzene, butadiene, ethyl t-butyl ether (ETBE), ethyl benzene, maleic anhydride, polybutadiene, polyethylene terephthalate, general purpose polystyrene, p-xylene, styrene, styrene-butadiene block copolymer, and styrene-butadiene rubber. The behavior of these materials is explained below.
Adipic Acid. Adipic acid production cost only responds when NGL prices increase. With increasing NGL costs, the model selects a process that uses benzene as a raw material. Benzene production cost decreases in the increasing NGL cost scenario (see below for the cost movement of benzene), so the variable cost of adipic acid production decreases as NGL prices increase. A similar change is not seen when NGL costs decrease because in this scenario, benzene does not experience a change in cost, and because most of the adipic acid production in the decreasing NGL cost scenario does not use benzene as a raw material.
Anthraquinone. Anthraquinone only shows a cost response when NGL prices decrease. Anthraquinone production relies on butadiene as a raw material, and butadiene costs only change in the NGL price decrease scenario, leading to an increase in anthraquinone production cost (see below for the cost movement of butadiene).
Benzene. As NGL prices increase, production of benzene from naphtha becomes increasingly competitive (as the C3 and C4 byproducts in the naphtha based process have an increased value in this scenario). With increasing byproduct credits, the cost of benzene production decreases. As NGL prices decrease, benzene does not experience a production cost change because production is derived from catalytic reformate, rather than from naphtha, and the catalytic reformate process does not experience a cost change in any scenario. Approximately 60% of benzene production capacity in the U.S. already uses or can use catalytic reformate, while the remaining 40% uses pyrolysis gasoline, toluene disproportionation, or similar processes.
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The benzene production cost change is $.096/lb in the NGL price increase scenario (Table 3) . This magnitude of cost change is significant because the Platts Global Benzene Price Index shows a global market price of benzene between $0.50 and $0.59/lb in 2012.
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Butadiene. Butadiene only shows a cost change when NGL prices decrease-as NGL prices decrease, butadiene costs increases. This correctly models the movement of the butadiene market from 2008-2012: as ethane prices dropped more than 50% from 2008-2012, butadiene prices increased 9.29% over the same time period. 19 The $0.21/lb change in butadiene production cost in the NGL decrease scenario (Table 3) is a large portion of the U.S. spot price, which was around $1.35/lb at the beginning of 2012. 20 The butadiene cost change occurs because butadiene is extracted from ethylene cracker C4 byproduct streams. Ethylene crackers in the U.S. have recently experienced a change in feedstock, and therefore a change in byproduct distribution. In 2008, naphtha was a significant component of the ethylene feed slate, but ethane-based steam crackers have since become the predominant process. As production costs for ethane-based plants have generally decreased over this time period, it is counter-intuitive that byproduct prices would rise. However, the C4 separation from ethane feedstocks generates less value, since isobutylene, n-butylene, isobutane, and n-butane have experienced a decrease in market price and are less plentiful in the new feedstock configuration. The overall industry cost is minimized by using an ethane-based steam cracker, but the cost of butadiene rises due to the reduction in other byproduct values.
Recovery of butadiene from C4 streams in the model industry is predicted to proceed by nmethyl-2-pyrrolidone extractive distillation as opposed to using dimethylformamide as the solvent, due to capital costs. Within the scope of NGL prices analyzed, extraction from a steam cracked C4 stream remains the optimal method of production. No other technology is introduced by the model (such as oxidative dehydrogenation, the TPC Oxo-D process, or a Catadiene process), as recovery of butadiene from an ethane-based plant remains cheaper than other onpurpose technologies.
Eighteen materials use butadiene as a raw material, and therefore as NGL prices decrease, and butadiene cost increases, these materials are subject to an increase in variable cost, even as NGL price is decreasing. Only four materials (anthraquinone, polybutadiene, styrene-butadiene block co-polymer, and styrene-butadiene rubber) show an increase in cost consistent with the increasing cost of butadiene as a raw material. The other 14 materials that rely on butadiene do not show this response when ethane price decreases because the impact of butadiene on the variable cost is small enough to not affect the net direction of change.
Ethyl t-butyl ether. ETBE cost is very dependent on the magnitude of the price difference between butanes (byproduct of the process) and butylenes (raw material for the process). As NGL prices increase, ETBE production costs decrease because of a large butanes byproduct credit. As NGL prices decrease, ETBE production costs still decrease (with less magnitude) because the butylenes raw material cost decrease is greater than the loss of byproduct credit.
Styrene and Polystyrene (general purpose). Both styrene and polystyrene production costs decrease whether NGL prices increase or decrease, indicating that the magnitude change in benzene cost impacts the styrene or polystyrene production cost more than ethane.
Styrene-butadiene block co-polymer or rubber. Styrene-butadiene rubber and block co-polymer production costs are driven more by butadiene costs than butylated hydroxytoluene and styrene, S17 because the net effect of a butadiene cost increase outweighs a decrease in butylated hydroxytoluene cost.
p-Xylene. Xylenes can be extracted from heavy reformate by crystallization or as a product of toluene disproportionation. Currently, the reformate pathway is cheaper per pound of p-xylene produced. This is reflected in the xylene industry in the U.S., as approximately 80% of plant capacity uses catalytic reformate feedstocks. 17 Isobutylene is a byproduct of aromatic naphtha production from olefins, so a decrease in isobutylene cost leads to an increase in aromatic naphtha cost, which is the feedstock used to produce xylenes by crystallization. If isobutylene price decreases by 18% or more (from a 2012 benchmark of 68.64 ¢/lb) 19 , the model shows that use of catalytic reformate feedstocks will no longer be more competitive than toluene disproportionation.
Ethyl benzene, maleic anhydride, polybutadiene, polyethylene terephthalate. Ethyl benzene and maleic anhydride production costs follow benzene costs, and polybutadiene only follows butadiene costs, so those materials only respond in one of the scenarios. Polyethylene terephthalate follows only p-xylene cost changes, which explains why it also only responds in the scenario where p-xylene costs change.
Butene-1. The model shows that as NGL prices decrease, butene-1 from ethylene oligomerization becomes increasingly more competitive compared to distillation from raffinate-2 streams (MTBE plant raffinate). Competitiveness depends primarily on ethylene, as ethylene prices must stay below 59.61 ¢/lb ($1314/tonne), all else constant, for butene-1 from ethylene oligomerization to be cheaper per pound of product than distillation from raffinate-2 streams. Forty-nine percent of current butene-1 capacity uses the ethylene route. 17 Propylene. The model does not show a change in propylene cost when natural gas or NGL prices are altered. This is representative of the propylene industry's structure, as more than 55% of production capacity is from refining operations, while only 25% involves ethane or propane pathways (the remaining 20% of capacity can use either ethylene or refining pathways to produce propylene). 17 However, the model does show a change in polypropylene cost when methane prices increase (Table 1) because the selected polypropylene production process is from natural gas to methanol to propylene to polypropylene, instead of from refinery derived propylene (NGL prices affect polypropylene due to changing C4-C6 byproduct values). The model indicates that polypropylene from methanol is competitive with the refinery route from propylene. Even with natural gas prices increasing towards predicted 2040 levels, the cost of polypropylene from natural gas (methanol to propylene (MTP), to polypropylene) is lower than most other polypropylene technologies (slurry loop, circulating reactor, etc., each using propylene from cracking or refining byproduct), although significantly more cooling water and process steam is required. Polypropylene by an MTP route with the 2040 natural gas price experiences a production cost increase of $0.18/lb (Table 1) and is still the optimal technology(the Platts Global Polypropylene Price Index ranged between approximately $0.60 and $0.77/lb in 2012.
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Reflective of the need for on-purpose propylene, a number of plants have been announced in the U.S. While most of the announced projects use a propane dehydrogenation route, BASF has begun work on an MTP facility on the Gulf Coast. 22 The results of this model confirm MTP's S18 competitiveness on a production cost basis. Even with increasing natural gas prices, the model predicts that MTP technology is the optimal use of all materials in the supply chain to produce polypropylene for the objective function to minimize production cost.
